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CopperAbstract Chemical speciation of copper and its total dissolved concentration in the aqueous
extract of Eichhornia crassipes (E. crassipes) were investigated by DPASV titration with Cu. Values
of speciation parameters, logK0CuLi and [Li], were calculated using Scatchard linearization and non-
linear ﬁtting with the assumption of two complexing ligands. The total dissolved copper [Cu]T in the
acid digested extract was found to be 0.48 lM± 0.032. Results obtained from the linear and
nonlinear transformations revealed that there were two classes of very strong copper complexation
with average logK0CuL1  14:34ð0:01Þ, logK0CuL2  13:54ð0:04Þ, [L1]  1.41 lM (±0.29) and
[L2]  2.08 lM (±0.1), calculated from the two methods. This reﬂects the great afﬁnity of E. crass-
ipes toward eliminating Cu2+ from its aqueous environment, and converting Cu2+ into less toxic by
chelation with natural ligands released from the plant tissues.
ª 2013 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Copper ions in the aquatic environments (e.g., Nile water) can
be found in a variety of chemical species in both particulate
and solution phases. These various species can include free
copper ions (i.e., copper-aqua complexes), copper ions incor-
porated into colloids or adsorbed onto suspended particles,
metal complexes with small-size inorganic anions, anthropo-genic ligands, or naturally-occurring organic ligands, e.g., hu-
mic substances (Morel and Hering, 1993; Stumm and Morgan,
1996). Numerous studies, with different analytical techniques,
showed that metal–organic complexes are often the dominant
physico–chemical forms of trace metals (e.g., Cu) found in nat-
ural waters (Bufﬂe, 1988; Komy et al., 2012). Possible sources
of these metal-binding organic ligands include phytoplankton
exudates (Gonzalez-Davila et al., 1995; Santana-Casiano
et al., 1995; Abdelraheem et al., 2016), biologically degraded
products, and constituents of sewage efﬂuent (Bender et al.,
1970). Metal speciation in aquatic systems has a large inﬂuence
on the metal bioavailability (Morel and Hering, 1993).
Depending on its concentration and degree of complexation,
a metal can be growth limiting or toxic for living organisms.
E. crassipes is one of the main sources of those organic
complexing ligands found in the Nile water. It has been intro-
duced to Africa, particularly in the River Nile (Egypt), in 1870
but not reported as a major problem until 1980 (Orach-Meza,
S1106 W.H.M. Abdelraheem et al.1996). Cu ions accumulate in the plant parts during its life, but
at the end of plant’s life, these accumulated ions dissociate
again into the aquatic environment resulting in the presence
of copper in different chemical forms; free ions, complexed
with inorganics and complexed (adsorbed) with organics orig-
inating from the degradation of the dead plant material.
Signiﬁcant efforts have been made to describe the stability
of the metal-binding site reaction of algal exudates (Gerringa
et al., 1995), functional groups from biological surfaces (San-
tana-Casiano et al., 1995) and the organic material pool of sea-
water (Donat and van den Berg, 1992) plus fresh water systems
(Xue and Sigg, 1993). In spite of the large number of works
that have been published, the origin and nature of the organic
dissolved materials with afﬁnity to trace metals in aquatic nat-
ural media, and the complexing characteristics of plankton
exudates are still largely unknown.
Since 1980, the complexing characteristics of aquatic sys-
tems (e.g., seawater, river) have been widely studied for several
transition metals (e.g., Cu, Zn) using two distinct methods (i.e.
metal titration and ligand titration) studies are mostly focused
on copper because of its strong complexation property and
usefulness as an analytical tool. For metal titration, MnO2
adsorption (van den Berg, 1982), electrochemical (Coale and
Bruland, 1990; Apte et al., 1990), chromatographic (Sunda
and Hanson, 1987), bioassay (Sunda and Ferguson, 1983)
and solvent extraction (Moffett et al., 1990) techniques have
been used to measure the concentrations of free metal ions
in solution. The electrochemical techniques (DPASV or
DPCSV) coupled with ligand competition were found to be the
most promising to determine copper speciation in the aquatic
samples with high accuracy (Campos and van den Berg, 1994).
Our study here intends to discuss copper complexation (spe-
ciation) in the aqueous extract of E. crassipes which represents
one of the phytoplanktons found in the Nile water and as a
source of the natural organic complexing ligands, as well as its
relationwith the toxicity ofCu in theNilewater. ASVwill be uti-
lized in the current study to directly measure the chemical speci-
ation of Cu2+ in the aqueous extract of E. crassipeswithout any
ligand competition. Therefore, the analysis will be made with
small sample aliquots at different free metal concentrations, so
itwill be time savingwithhigh accuracy and feasibility compared
to the traditional techniques (e.g., Diffusive Gradint in Thin
Films, Donnan Membrane Technique, Permeation Liquid
Membrane and Competitive Ligand Exchange/Cathodic Strip-
ping Voltammetry) (Nason et al., 2011). Moreover, the interfer-
ing ions as CO23 , HCO

3 and OH
 or oxygen content of the
sample will not affect the measurement as in other techniques
(e.g., Donnan Membrane Technique, Ion Selective Electrodes
and Stripping Chronopotentiometry) (Nason et al., 2011).
1.1. Explanation of the analytical technique
Speciation of copper in the aqueous extract of E. crassipes was
determined using differential pulse anodic stripping voltamme-
try (DPASV) titration with Cu2+. Natural complexing ligand
concentration, [Li], and conditional stability constants,
logK0CuLi , were used to evaluate the speciation of Cu in the ex-
tract and calculated by using Scatchard linear-transformation
and nonlinear curve ﬁtting methods of the metal titration curve.
For Scatchard linearization, Eq. (1) (Kozelka and Bruland,
1998), the ratio of the [CuLi]/[Cu]labile is plotted against the
[CuLi], the slope equals K
0
CuLi
and the Y-intercept equals(K0CuLi ½Li). If the results are linear over the range of data, then
they are modeled with the assumption of the presence of one
class of metal binding ligands. The reciprocal slope of the lin-
earization equation gives the total ligand concentration, [Li],
and the Y-intercept is equivalent to the reciprocal product of
(K0CuLi [Li]).
½CuLi=½Culabile ¼ K0CuLi ½CuLi þ K0CuLi ½Lx ð1Þ
Kozelka and Bruland (1998) have discussed before how to deal
with the presence of two classes of the complexing ligands (L1
and L2).
Assuming that DPASV only measures the labile copper
fraction, [CuLi] and [Cu]labile can be calculated from Eqs. (2)
and (3):
½CuLi ¼ ½CuT  ip=S ð2Þ
½Culabile ¼ ip=SaCu ð3Þ
where ip is the DPASV peak current, [Cu]T is the apparent cop-
per concentration, S is the analytical sensitivity (AM1), and
can be calculated as the slope of the linear portion of the titra-
tion curve (ip vs. [Cu]T) and aCu is the side reaction coefﬁcient
of the copper inorganic complexes, and can be calculated as
follows:
aCu ¼ 1þ
X
ðKi ½LjiÞ þ
X
Ka;i=½Hþi ð4Þ
where, Ki is the stepwise stability constant for the complex of
Cu2+ with ligand Lj (Cl
, CO23 , HCO

3 or SO
2
4 ), and K

a;i is
the stepwise acidity constant of Cu2+. Values of standard sta-
bility constants, inorganic nutrients and extract characteristics
are summarized in Table 1.
It is also possible to examine the transformation curves and
interpret the titration data as best ﬁt by two model classes of
ligands. For example, there could be a small amount of a
strong ligand, in equilibrium with a larger amount of a weaker
ligand. This becomes apparent in the Langmuir plots, where
the linear transformation is curved.
For non-linear curve ﬁtting method (usually used in case of
more than one complexing ligand), Eq. (5) is used as follows:
½CuLi ¼
½L1  K0CuL1  ½Culabile
1þ K0CuL1  ½Culabile
þ ½L2  K
0
CuL2
 ½Culabile
1þ K0CuL2  ½Culabile
ð5Þ
To obtain the speciation parameters for two ligand classes,
the experimental Xexp value ([CuLi]) is plotted vs. [Cu]labile
and ﬁtted along with the theoretical Xtheo
½L1 K0CuL1 ½Culabile
1þK0
CuL1
½Culabile þ
½L2 K0CuL2 ½Culabile
1þK0
CuL2
½Culabile
 
with the use of primary esti-
mations of the ﬁrst complexing ligand concentration, [L1],
and its stability constant, logK0CuL1 from the Scatchard linear-
ization for the ﬁrst data set. Microsoft Excel 2010 solver (add-
in) was used for data ﬁtting.
2. Experimental
2.1. Chemical reagents, solutions and instruments
All the chemical reagents were of analytical grade, from Merck
and BDH companies. A stock solution of copper
(1000 mgL1) was prepared by dissolving Cu(NO3)2Æ3H2O in
ultrapure water. All solutions were kept in a refrigerator at
5 C until measurements were undertaken.
Table 1 Standard stability constants used to calculate aCu, inorganic cations and characteristics of the aqueous extract of E. crassipes.
Standard stability constanta Inorganic ligands content
Complex LogK Complex LogK Ligand Concentration/mgL1
CuSO4 2.36 CuCl2 0.7 CO23 Nil
Cu(OH)+ 7.53 CuCl3 2.2 HCO3 576.45
Cu(OH)2 13.68 CuCl24 4.4 SO24 22
CuðOHÞ3 26.8 Cl 726.68
CuðOHÞ24 39.6 Extract characteristics
(CuHCO3 ) 2.20 Salinity pH
CuCl+ 0.00 1.1 4.73
a Values taken from (Alwan and Williams, 1979).
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el 264A, equipped with a 303A hanging mercury drop elec-
trode (HDME) and model 305 stirrer. A three-electrode
system was used; consisting of HMDE as a working electrode,
an Ag/AgCl as a reference electrode and a Pt wire as an aux-
iliary electrode. A Princeton EG & G X–Y recorder model
RE 0089 was used to obtain the voltammograms.
Major anions (HCO3 , CO
2
3 , SO
2
4 and Cl
) in E. crassipes
extract were determined by ion chromatography. Salinity and
pH were measured using a Jenway conductivity meter model
4320, and a consort digital pH-mV meter model p901 from
Belgium, respectively. Milli-Q water puriﬁcation system was
used as a source of all the water used in the study. All glass-
ware were cleaned by soaking in 1:1 HNO3, HCl and for one
week in ultrapure water.
2.2. Sample collection and preparation
E. crassipes samples were collected from the Nile water at So-
hag region (500 km from Cairo), Egypt. After collection, the
stem and leaf parts of the plant were washed with tap water,
ﬁrst distilled and ﬁnally with deionized ultrapure water, then
dried and grounded to less than 0.25 mm in size using sieves.
A stock solution from the plant’s aqueous extract was pre-
pared by shaking (1.0 g of the plant powder + 100 mL deion-
ized water) for 2.0 h and then centrifuging at 10,000 rpm for
15 min to separate the supernatant solution. The extract was
transferred to 100 mL measuring ﬂask and brought to the
mark.
For the determination of total dissolved copper; an acid di-
gested extract was prepared by transferring 100 mL from the
last prepared aqueous extract into a 250 Kjeldahl ﬂask con-
taining 50 ml mixture of concentrated HCl and HNO3 (1:1 v/
v) acid. The mixture was evaporated in a fuming cupboard un-
til the appearance of solid residue. The residue was then dis-
solved in 100 ml ultrapure water and ﬁltered through
Whatman ﬁlter paper No. 42, the supernatant was transferred
into a 250 ml measuring ﬂask and brought to the mark.
2.3. Procedure
2.3.1. Total dissolved copper
For the determination of the total dissolved copper in the acid
digested aqueous extract; 10.0 mL digested extract was trans-
ferred into the voltammetric cell at pH 1.5 (using conc.
HNO3). The solution was then deaerated for 2 min with pure
nitrogen gas. The deposition potential of 0.45 V and deposi-tion time of 5.0 min were applied to a fresh mercury drop.
After a rest period of 15 s, the voltammograms were recorded
by applying a positive-going differential pulse scan with
10 mV s1 scan rate and 50 mV amplitude to +0.1 V. The
peak’s height related to the reduction of Cu2+, appearing at
0.13 V, was recorded. Calibration was achieved by means
of three standard additions of standard copper (0.948–
2.844 lM) in order to overcome interference by organic mat-
ter. More description on the procedure was described
elsewhere (Vos et al., 1986).
2.3.2. DPASV titration for the aqueous extract of E. crassipes
In a set of 10 PTFE tubes; 10 mL aqueous extract was mixed
with an increasing Cu2+ concentration (from 0.0 to
3.96 lM). Stirring was maintained for 3.0 h to attain equilib-
rium. The voltammetric parameters were; purging N2 for
10 min, deposition potential at 0.4, deposition time of
2 min and ﬁnally a quiescent period of 15 s was allowed for
the solution before scanning step. The voltammograms related
to the labile Cu fraction in the extract (not complexed by nat-
ural ligands) were recorded in the positive direction from
0.40 to +0.1 V with a scan rate of 10 mV/s and pulse ampli-
tude of 50 mV. The experiment was repeated three times to
minimize errors.
For comparison; the experiment was repeated from the
beginning with the UV-digested extract for 2 h instead of the
aqueous extract (in the absence of natural complexing ligands).
To plot the titration curves for the aqueous extract (in the
presence of natural ligands) and the UV-digested extract (in
the absence of natural ligands), peak current (related to the la-
bile Cu) is plotted as Y-axis vs. the concentration of added cop-
per as X-axis.3. Results and discussion
Recently, experimental woks on copper speciation in aqueous
media have revealed more than 99% of copper to be present in
the form of organic complexes with conditional stability con-
stants in the range 109–1015 (Hirose, 2006). Moreover, Hirose,
1994 [20] has classiﬁed strong organic ligands in seawater by
means of the conditional stability constants of metal com-
plexes and the natural complexing ligand concentration.
According to the conditional stability constants of organic
Cu2+ complexes, organic ligands in seawater are conveniently
divided into three classes: very strong (logK> 13), strong
(logK  12) and weak (logK< 10) (Hirose, 2006).
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Figure 1 Total dissolved copper; DPASV voltammograms
obtained for 10 mL acid digested extract acidiﬁed to pH 1.5 with
3 sequential copper additions. The dashed line represents the
sample signal without any addition of Cu2+.
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Figure 3 DPASV titration; a plot of the analytical response ip vs.
the added [Cu]add for (i) UV-digested extract and for (ii) aqueous
extract of E. crassipes.
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Total dissolved copper [Cu]T in the acid digested extract of E.
crassipes was determined using DPASV technique coupled
with the standard addition method using standard Cu2+.
Fig. 1 shows the voltammograms obtained for acid digested
extract of E. crassipes before and after the standard copper
additions to the same sample. Results showed that the total
[Cu]T amounts to 0.48 ± 0.032 lM. Previous studies indicated
that E. crassipes is capable of accumulating very high amounts
of toxic heavy metal ions (e.g., Cu, Zn, Pb) (Schneider et al.,
1995) which are preserved inside its cells (in roots, leaves or
stems parts) during its life span. This result reﬂects the higher
content of the plant from copper and its usefulness for its hab-
itat as a decontaminator for toxic Cu2+ ions.
3.2. Copper speciation
DPASV technique was used to determine the speciation of
copper in the aqueous extract of E. crassipes in which the water
extract of the plant is titrated with copper in order to calculate
the conditional stability constant (logK0CuLi ) and the natural
copper complexing ligand concentration ([Li]). As the metal
concentration in the sample increases, the functional groups
are complexed progressively with the metal ion until they are
saturated. After this point, the metal concentration, which is
not organically complexed, increases linearly (Laglera-Baquer
et al., 2001). Fig. 2(a and b) shows the voltammograms of cop-
per titration to the UV-digested extract (in the absence of nat-
ural complexing ligands) and to the aqueous extract (in the
presence of natural complexing ligands), respectively. As shown
in Fig. 2(b), there is a positive shift in the peak potential (cor-
responding to the labile Cu) with the increase in the concentra-
tion of [Cu2+]add. This may be due to the adsorption of trace
amounts of organic Cu complexes to the mercury drop. Fig. 3
represents the DPASV titration in which, a plot of peak
heights in both titrations (in the absence (i) and in the presence
(ii) of the natural complexing ligand) vs. the added copper
[Cu2+] was constructed. Note that the peak heights were mea-
sured as the difference between the summit and the base line of
each voltammogram.F
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Figure 4 (a) Scatchard linearization and (b) nonlinear transfor-
mations for the DPASV titration.
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peak height with copper addition to the UV-digested extract,
indicating that almost all the added copper remain free with-
out any complexation, while with performing the same titra-
tion with the aqueous extract, as shown in Fig. 3(ii), a shape
of two regions was obtained. The ﬁrst region is a curve begin-
ning from 0.00 and ends at 2.36 lM of the added copper,
which in turn means that some of the added copper is progres-
sively bounded to the natural complexing ligands (Li) and the
rest amount of copper remains in equilibrium with the com-
plexed part as a free form or inorganically complexed. The sec-
ond region is a linear relationship and begins after 2.36 lM of
copper addition and means that no further organic complexa-
tion for Cu occurs. The sensitivity (S) of the linear portion
(at higher copper concentration) was calculated to be
0.805 A/M.Table 2 Values of speciation parameters (logK0CuLi , [Li] and
transformations for E. crassipes extract.
Speciation parameters
Type of transformation logK0CuL1 logK
0
CuL2
Scatchard method 10.34 13.56
Nonlinear method 14.32 13.50
a [LT] = [L1] + [L2].In order to obtain the speciation parameters (logK0CuLi and
[Li]), Scatchard linearization as well as nonlinear ﬁtting were
made for the titration of the aqueous extract according to
Eqs. (1) and (5), respectively.
Fig. 4 shows, (a) Scatchard linearization and (b) nonlinear
plots for the titration data. Scatchard plot, Fig. 4(a), gives two
linear regions indicating the presence of two types of complex-
ation (CuL1 and CuL2). The values of logK
0
CuL1
, logK0CuL2 , [L1]
and [L2] of the two classes of complexation were 14.34, 13.56,
1.21 lM, 2.15 lM, respectively (Table 2). Similar values of sta-
bility constants of logK0CuL1 and logK
0
CuL2
amount to 14.32 and
13.50, respectively, and complexing ligand concentration of
[L1] and [L2] amounting to 1.62 lM and 2.01 lM, respectively,
were obtained with the nonlinear ﬁtting method (Table 2).
These results indicate that there is a mixture of two types of
naturally very strong complexing ligands, the ﬁrst type
(CuL1) is the strongest type with lowest concentration of the
complexing ligand, while the second type (CuL2) of weaker
complexation (Hirose, 2006) seems to be predominant in the
aqueous extract as the concentration of the complexing ligands
is the highest.
It can be said that, the extract of E. crassipes is enriched
with organic ligands which in turn chelate with copper ions,
present in the aqueous media. Moreover, on comparison of
the values of [L]T (obtained with the two transformation meth-
ods) (Table 2) and the total copper in the extract
([Cu]T = 0.48 lM), one can notice that the natural ligand con-
centration is much higher than the total copper in the extract,
reﬂecting the higher complexing capacity of E. crassipes.
Witt et al. (2007) have identiﬁed before two classes of cop-
per complexation in the rain water in the southern USA, with
stability constants ranging from (1013–1016). This result is very
near to our result for the extract of E. crassipes. It is therefore
likely that the Cu ligands detected in aqueous extract are part
of a spectrum of organic ligands of variable complexation
strengths. Furthermore, some fractions of these ligands are
capable of complexing with Cu2+ as suggested by Kieber
et al. (2004). In addition, the small discrepancies in the values
of logK0CuLi may be as a result of differences in the water sam-
ples and their origin. Moreover, Croot (2003) has indicated
that strong Cu binding ligands (logK0CuLi > 12:5) were not de-
tected during the winter or early spring in the Gullmar Fjord,
Sweden, which indicates that another factor, study season, is
controlling the value of conditional stability constant of cop-
per in natural samples.
A recent study by Komy et al. (2012) has indicated that E.
crassipes extract is enriched with amino acids, among those
amino acids; Proline, Glutamic and aspartic acids were pre-
dominant in the plant extract representing about 77% of the
total amino acids content. So it can be concluded that the
extract of E. crassipes contains a heterogeneous mixture of[LT]) calculated from Scatchard linearization and nonlinear
[L1], lM [L2], lM [LT]
a, M
1.21 2.15 3.36
1.62 2.01 3.63
S1110 W.H.M. Abdelraheem et al.chelating groups originating from the organics in the extract.
In addition, the study made by Milicˇevic´ and Raos (2006)
has shown that copper can form Cu-amino acids with logK
ranging (12.45–15.36). This result matches well with the values
of stability constants for copper calculated in the present
study.
4. Conclusions
A simple, viable and fast electrochemical method has been sug-
gested to directly measure chemical speciation of Cu in the E.
crassipes aqueous extract. The results reveal that the plant,
after death, releases again both copper and organic ligands
capable of making complexes with each other. There were
two classes of copper complexation (both of very strong com-
plexation) found in the extract. This ensures that the presence
of E. crassipes as a live or dead material in the Nile water (the
main source of drinking water in Egypt) is very useful for
water as it has high afﬁnity to decontaminate the Nile from
its ionic copper (toxic) content (Abdelraheem et al., 2016), or
by transforming Cu2+ ions into complexes (nontoxic) with
the plant exudates and the products of its cell lysis.
References
Abdelraheem, W.H.M., Rabia, M.K.M., Ismail, N.M., 2016. Evalua-
tion of copper speciation in the extract of Eichhornia crassipes using
reverse and forward/CLE voltammetric titrations. Arabian J.
Chem. 9, S1670–S1678.
Alwan, K.A., Williams, P.A., 1979. Mineral formation from aqueous
solution, part II. The stability of langite, Cu4SO4(OH)6 H2O.
Transition Met. Chem. 4, 319–322.
Apte, S.C., Gardner, M.J., Ravenscroft, J.R., 1990. An investigation
of copper.
Bender, M.E., Matson, W.R., Jordan, R.A., 1970. On the signiﬁcance
of the metal complexing agents in secondary sewage efﬂuents.
Environ. Sci. Technol. 4, 520–521.
Bufﬂe, J., 1988. Complexation Reactions in Aquatic Systems: An
Analytical Approach. Ellis Horwood, Chichester.
Campos, M.L.A.M., van den Berg, C.M.G., 1994. Determination of
copper complexing ligand concentrations using cathodic stripping
voltammetry with ligand competition by salicylaldoxime. Anal.
Chim. Acta 284, 481–496.
Coale, K.H., Bruland, K.W., 1990. Spatial and temporal variability in
copper complexation in the North Paciﬁc. Deep-Sea Res. 47, 317–
336.
Croot, P.L., 2003. Seasonal cycle of copper speciation in Gullmar.
Fjord, Sweden. Limnol. Oceanogr. 48, 764–776.
Donat, J.R., van den Berg, C.M.G., 1992. A new cathodic stripping
voltammetric method for determining organic copper complexation
in seawater. Mar. Chem. 38, 69–90.
Gerringa, L.J.A., Herman, P.M.J., Poortvliet, T.C.W., 1995. Com-
parison of the linear Van den Berg/Ruzic transformation and a
non-linear ﬁt of the Langmuir isotherm applied to Cu speciation
data in the estuarine environment. Mar. Chem. 48, 131–142.
Gonzalez-Davila, M., Santana-Casiano, J.M., Perez-Pena, J., 1995.
Binding of Cu II to the surface and exudates of the alga Dunaliella
tertiolecta in seawater. Environ. Sci. Technol. 29, 289–301.
Hirose, K., 1994. Conditional stability constants of metal complexes of
organic ligands in sea water: past and present, and a simple
coordination chemistry model. Anal. Chim. Acta 284, 621–634.Hirose, K., 2006. Chemical speciation of trace metals in seawater: a
review. Anal. Sci. 22, 1055–1063.
Kieber, R.J., Skrabal, S.A., Smith, C., Willey, J.D., 2004. Environ. Sci.
Technol. 38, 3587–3594.
Komy, Z.R., Abdelraheem, W.H.M., Ismael, N.M., 2012. Biosorption
of Cu2+ by Eichhornia crassipes: physicochemical characterization,
biosorption modeling and mechanism. J. King Saud Univ.
(Science). http://dx.doi.org/10.1016/j.jksus.2012.04.002.
Kozelka, P.B., Bruland, K.W., 1998. Chemical speciation of dissolved
Cu, Zn, Cd, and Pb in Narragansett Bay, Rhode Island. Mar.
Chem. 60, 267–282.
Laglera-Baquer, L.M., Gonzalez-Davila, M., Santana-Casiano, J.M.,
2001. Determination of metallic complexing capacities of the
dissolved organic material in seawater. Sci. Mar. 65, 33–40.
Milicˇevic´, A., Raos, N., 2006. Estimation of stability constants of
copper(II) bis-chelates by the overlapping spheres method. Croat.
Chem. Acta 79, 281–290.
Moffett, J.W., Brand, L.E., Zika, R.G., 1990. Distribution and
potential sources and sinks of copper chelators in the Sargasso
Sea. Deep-Sea Res. 37, 27–36.
Morel, F.M.M., Hering, J.G., 1993. Principles and Applications of
Aquatic Chemistry. John Wiley and Sons, New York, Chapter 6.
Nason, J.A., Nelson, P.O., Bloomquist, D.J., Sprick, M.S., 2011.
Copper Speciation in Highway Stormwater Runoff as Related to
Bioavailability and Toxicity to ESA-Listed Salmon. Technical
report of Oregon Department of Transportation Research Section,
USA.
Orach-Meza, F.L., 1996. Water hyacinth: its problems and the means
of control in Uganda. Strategies for Water Hyacinth Control. In:
Charudattan, R., Labrada, R., Center, T.D., Kelley, C. (EDs.),
Strategies for Water Hyacinth Control, Report of a Panel of
Experts Meeting September 11–14, 1995, Fort Lauderdale, Florida.
University of Florida, Institute of Food and Agricultural Sciences,
Gainesville, pp. 105–112.
Santana-Casiano, J.M., Gonzalez-Davila, M., Perez-Pena, J., Millero,
F.J., 1995. Mar. Chem. 48, 115–129.
Schneider, I.A.H., Rubio, J., Misra, M., Smith, R.W., 1995. Eichhornia
crassipes as biosorbent for heavy metal ions. Miner. Eng. 9, 979–
988.
Stumm, W., Morgan, J.J., 1996. Aquatic Chemistry, 3rd ed.. Chemical
Equilibria and Rates in Natural Waters John Wiley and Sons, New
York, pp. 257, 284, 301, 614–616, 625–628, 632–635, 668..
Sunda, W.G., Ferguson, R. L., 1983. Trace Metals in Sea Water. In:
Wong, C.S., Boyle, E., Bruland, K., Burton, J., Goldberg, E.D.
Plenum, New York, p. 871.
Sunda, W.G., Hanson, A.K., 1987. Measurement of free cupric ion
concentration in seawater by a ligand competition technique
involving copper sorption onto C18 SEP-PAK cartridges. Limnol.
Oceanogr. 32, 537–551.
van den Berg, C.M.G., 1982. Determination of copper complexation
with natural organic ligands in seawater by equilibration with
MnO2. II. Experimental procedures and application to surface
seawater. Mar. Chem. 11, 323–342.
Vos, L., Komy, Z., Reggers, G., Roekens, E., Van Grieken, R., 1986.
Determination of trace metals in rain water by differential-pulse
stripping voltammetry. Anal. Chim. Acta 184, 271–280.
Witt, M., Skrabal, S., Kieber, R., Willeya, J., 2007. Copper complex-
ation in coastal rainwater, southeastern USA. Atmos. Environ. 41,
3619–3630.
Xue, H., Sigg, L., 1993. Free cupric ion concentration and Cu(II)
speciation in a eutrophic lake. Limnol. Oceanogr. 38,
1200–1213.
